This paper assessed the effect of climbing bean adoption on the welfare of the bean growers in Rwanda, using four indicators: per capita consumption expenditure, poverty head count, quantity of bean consumed per person and food security. The analysis was based on cross sectional data from a nationally representative survey of bean growers, conducted in 2011. Instrumental variables and control function approaches were used to address the endogeneity of climbing bean adoption decisions in household welfare outcomes. Results demonstrated that investments in climbing bean research and dissemination efforts contributed significantly to improve household welfare. One additional kilogram of climbing bean seed planted raises per capita consumption expenditure by 0.9% and that of bean consumption by 2.8%, and increases the probability that a household is food secure by 0.6% while decreasing the likelihood of being poor by 0.6%. These findings highlight the important role climbing bean adoption can play in reducing food insecurity and poverty in land constrained areas.
Introduction
Rwanda's economy relies on agriculture that is characterized by land scarcity. This challenge has compelled farmers to cultivate fragile, steep-slope landholdings, which cause large environmental costs 1 and further contribute to declining agricultural productivity. The government of Rwanda, through the Ministry of Agriculture and Animal Resources (MINAGR), has been devoting significant efforts to crop intensification and sustainable land use management (MINAGR 2009 ) in order to alleviate poverty and food insecurity (Kathiresan 2011) .
Common bean (Phaseolus vulgaris L.) is one of the major food security crops in Rwanda, contributing about 40% of the protein intake (MINAGR 2009 ) and cash income for about 31% of the producers (Kalyebara and Buruchara 2008) . The crop is grown in the two cropping seasons (season A & B) 2 by most rural households (Asare-Marfo et al. 2011) . In terms of area, bean is the second most important crop (after banana) and occupies about 28% of the arable land in Rwanda (USAID 2012).
In the last two decades, bean improvement research received significant attention. The main thrust of this research has been to identify well-adapted high yielding bean varieties and promote their adoption. The Rwanda Agriculture Board (RAB), in collaboration with international partners especially the International Center for Tropical Agriculture (CIAT), has released 93 improved bean varieties, 48 of which are of the climbing type since the 1980s (PABRA data base 2015). Compared to bush bean (i.e. determinate or semi-indeterminate), climbing bean (i.e. indeterminate with a relatively longer growth cycle) grows upwards requiring less land to produce the same amount of output (Musoni et al. 2001) . The high productivity of climbing bean coupled with its prolonged growth cycle enables it to fix more nitrogen and, in the long-term, contributes to soil fertility improvements (Beebe et al. 2012 ). In addition, climbing bean varieties create favorable microclimate-niches, which reduce fungal pathogen development that negatively affect bush bean productivity (Musoni et al. 2001) . Conversely, the two bean types cannot be easily distinguished in terms of their culinary and market attributes. 3 Over the years, cultivation of improved bean varieties has gained popularity among Rwandan bean growers. Larochelle et al. (2015) reported that 33.5% of the bean-producing households grow improved or selected varieties released in 1998 or later. At national level, the area occupied by climbing bean varieties increased from less than 20% in 1993 (Sperling and Muyaneza 1995) to more than 43% in 2011 (Katungi et al. 2016) . The adoption of high yielding bean varieties, accompanied by a shift from bush to climbing bean, has enabled Rwanda to reverse her bean productivity growth trend from negative in the 1990s to positive, consequently reducing the country's bean import trade (FAO 2014) .
A number of insightful studies on the adoption of improved bean varieties and its effect on household wellbeing have been conducted in Sub-Saharan Africa (Sperling and Muyaneza 1995; Graf et al. 1991; Kalyebara and Buruchara 2008; Larochelle et al. 2015) and the returns to investment in bean research in Sub-Saharan Africa (SSA) estimated (Johnson et al. 2003) . To the best of our knowledge, there has been no study documenting the association between climbing bean cultivation and household economic wellbeing. The study by Larochelle et al. (2015) analyzed the impact of the adoption of improved bean varieties on household food security and poverty in Rwanda and Uganda, but did not separate climbing and bush bean technology, which would have provided evidence for the effectiveness of climbing bean as an avenue for enhancing livelihoods of land constrained households.
The Rwandan bean researchers and their CIAT collaborators believe that climbing bean is a promising technology to boost productivity in SSA, but there is lack of evidence of its effects on household welfare to guide future investment decisions. Therefore, this study aims at closing this knowledge gap by assessing the effects of climbing bean cultivation on selected welfare outcome indicators: per capita consumption expenditure, poverty, quantity of bean consumed per person, and household food security. The analysis is based on a comprehensive and nationally representative household survey data collected in 2011 from all major bean growing areas of
Rwanda. An instrumental variable (IV) approach was used to account for possible endogeneity of climbing bean adoption in household welfare outcomes. The study findings demonstrate that through yield gains, growing climbing bean has enhanced the wellbeing of bean producers in Rwanda. Growing climbing bean increases the likelihood of being food secure through having better access to beans for home consumption, and reduces the likelihood of being below the international poverty line of $1.25.
The remaining part of the paper proceeds as follows. The next section discusses the conceptual approach followed by a description of the data sources. Measurement and definition of key variables are described in section 3. Section 4 presents and describes the empirical estimation while the results are discussed in section 5. The paper's conclusion and policy implications are presented in section 6.
Conceptual framework
The theory of agricultural household (de Janvry and Sadoulet 2006; Sadoulet and de Janvry 1995; de Janvry et al. 1991; Singh et al. 1986 ) provides the conceptual framework guiding our empirical strategy. Based on this framework, households allocate their resources including labor to maximize expected utility over consumption goods and leisure. Goods and services produced by the household are either consumed or sold in the markets. Sales and off-farm employment allow farm households to overcome cash constraints in the absence of well-functioning credit and insurance markets. Given the non-separability between consumption and production decisions, prices that guide household decision-making are endogenous and depend on household and market characteristics (Singh et al. 1986; de Janvry et al. 1991 ).
This framework is suitable for the analysis of the adoption of climbing bean and its effects on household welfare since farm households in Rwanda operate in an economic environment characterized by imperfect markets. The country is highly mountainous with poor road networks resulting in high transportation and transaction costs. In addition, limited access to credit and uncertainty in agriculture also constrain the functioning of input markets and consequent use of these inputs in agriculture (Foster and Rosenzweig 2010; Yesuf and Köhlin 2008; Minten et al. 2013) . Besides, the high labor to land ratio (i.e. 9.1 persons per ha of arable land 4 ) implies that the opportunity cost of family labor working on small landholding might be less than the prevailing wage rate. A farm household may choose to respond to the increasing population pressure by adjusting its income generating strategies and by adopting high yielding technologies such as climbing bean. The decision to adopt climbing bean is influenced by household and market characteristics, as well as agro-ecological conditions.
Growing climbing bean is expected to increase yield compared to producing bush bean, where the yield gain depends on the prevailing agro-ecological conditions (Katungi et al. 2016) . In turn, higher yield can have a positive effect on household welfare through various channels. It can increase household bean consumption and even allow households to generate a market surplus, augmenting household income. Land constrained households experiencing higher yields might also choose to reallocate some land out of bean production to the production of cash crops, for example, thereby increasing crop diversification, and the potential to generate additional income from other crops. In sum, adoption of climbing bean is expected to lead to greater farm productivity and profitability, enhancing assets accumulation -further raising household overall welfare.
One of the challenges of identifying the effect of climbing bean adoption on household welfare is that some unobservable factors, such as managerial skills and plot attributes, could potentially influence both the decision to adopt and household welfare. In this situation, estimates of the effect of adoption obtained from ordinary least squares (OLS) would be biased and inconsistent (Heckman 2001; Greene 2003) . To obtain unbiased and consistent estimates, an IV approach, discussed in the next section, was used (Wooldridge 2010) .
Data and description of variables

Data
Our analysis is based on a national representative survey 5 of bean producing households in Rwanda. The survey was conducted in season B of 2011, by the Rwanda Agriculture Board (RAB) in collaboration with CIAT, Virginia Tech, and the International Potato Centre (CIP). Twenty-seven districts representing the highly diverse agro-ecological environment in terms of altitude, rainfall, and soil types that determine the production potential were covered. A total of 1292 beanproducing households selected from 80 villages were surveyed in two rounds implemented after planting and after harvesting and marketing activities in the same season. The survey elicited information on household characteristics (such as housing characteristics, asset ownership, and social networks); agriculture including farmer knowledge of improved varieties, bean varietal adoption, input and output uses, and market participation. Household interviews were conducted on a one-to-one basis using pretested questionnaires administered by well-trained enumerators with knowledge of the local languages.
A community questionnaire administered to key informants (i.e. village leaders and the most knowledgeable farmers for the crops of interest) was used to elicit information on village characteristics such as access to seed, seed distribution programs, credit, roads, market infrastructure, cultivar changes, agro-climatic shocks, and prices of key staple crops. In addition, a consumption expenditure questionnaire was administered to about half of the households per sampled village. Consumption expenditure was elicited over a seven-day recall period for food items, and a 30-day recall period for nonfood items. Food consumption expenditure includes food purchased, home-produced, and received as gift or in-kind payment by any household member. This study includes bean-producing households for which consumption expenditure data were collected, meaning that the analysis is based on a sample size of 646 households. 
Measuring adoption
Several approaches exist to quantify the decision to adopt new agricultural technologies, some more comprehensive than others. In this study, the decision to adopt climbing bean was measured using the quantity (kg) of seeds planted. It captures the intensity of adoption, which is a richer measure than a binary indicator (Feder et al. 1985) . Another advantage of a continuous measure of adoption over a discrete one is that it addresses the issue of partial adoption, i.e. for households that plant both climbing and bush bean varieties. Quantity of seeds is a proxy for land area planted to climbing bean, which for the case of Rwanda, has been found to be reported with fewer measurement errors than plot size (Larochelle et al. 2015) . 8 Researchers who previously examined the effect of improved seeds on household wellbeing used quantity of seeds planted as indicator of adoption (Mason and Smale 2013; Smale and Mason 2014; Smale et al. 2015) , while others used land area planted to improved varieties where it is less prone to measurement errors (e.g. Ricker-Gilbert and Jones 2015; Kassie et al. 2014 ).
Welfare outcome indicators
Four indicators were used as measures of household wellbeing: 1) per capita consumption expenditure, 2) poverty, 5 The study was implemented under the Diffusion and Impact of Improved Varieties in Africa project. The survey was intended to be nationally representative of bean, potato, and sweet potato producers in Rwanda. About 90% of the 1440 households surveyed cultivated beans. 6 Information on the sampling procedure can be found in Larochelle et al. (2015) . 7 The climbing bean adoption rate is similar between the whole sample and this sub-sample, i.e. adoption rate is 50.4% in the whole sample and 49.5% in this sub-sample. 8 Measurment error in land area in Rwanda is exacerbated by the very small plot size and mixed cropping systems.
3) per capita bean consumption, and 4) household own assessment of food security.
Per capita consumption expenditure and poverty
In developing countries, consumption expenditure, compared to income, is a more reliable measure of household wellbeing because it is less prone to measurement error and respondent bias, and does not fluctuate as much as income (Deaton 1997) . In this study, household consumption expenditure was measured as the sum of annual food and non-food expenditures (e.g. clothing, energy, social activities). To adjust for spatial differences in prices, household consumption expenditure was divided by a food price index, P h , that was computed for each household h as:
where p h k is the price of good k faced by household h, while p 0 k is the price of good k faced by the reference household.
9 w h k is the expenditure share household h devotes to good k, where the sum of the k expenditure shares equals one. Then, spatially adjusted household expenditure was divided by household size to obtain per capita consumption expenditure, which is our economic measure of household wellbeing.
To determine if adoption of climbing bean contributed to improving the wellbeing of the poor, households were classified as poor and non-poor, based on the international poverty line of $1.25 per day per capita.
10 Households whose per capita consumption expenditure was at or below the poverty line were considered poor. When evaluating the welfare effect of a technology, it is important to make this distinction since the benefits of adoption could be captured mainly by non-poor households, meaning that poverty would remain unaffected and inequality would worsen.
Bean consumption per adult equivalent
Bean and other pulses are macro and micronutrient-rich foods and among the best in terms of nutrients per unit price (Garden-Robinson 2013) . Therefore, consumption of pulses is vital for the nutrition security of those with low purchasing power. Although Rwanda has one of the highest bean consumptions in the world, some households cannot access sufficient quantities to meet their consumption needs (NISR and WFP 2012) . In this study, bean consumption was measured as the quantity of bean consumed in kg per adult equivalent 11 within a household during season 2011B.
Food security
We complement the above objective measure of food security, with a subjective measure. Subjective measures of food security, while not perfect, are not subject to measurement errors and seasonal fluctuations that might afflict objective measure such as consumption expenditures and quantity consumed (Mallick and Rafi 2010) . Our measure is based on the respondent perception of the food security situation of his or her household during the season for which the data were collected. The respondent was asked to consider all food sources (i.e. own production + purchases in cash or kind + safety nets + welfare programs and hidden harvests from communal resources) available to the household and make an assessment of its food security status. Responses were recorded as one of the following four categories: 1) food shortage throughout the season, 2) occasional food shortage, 3) no food shortage but no surplus, and 4) food surplus. Since some categories include a limited number of observations, the four categories were collapsed into two: households who were food secure (i.e. categories 3 and 4), and those who were food insecure (i.e. categories 1 and 2). A similar subjective measure of household food security was employed by previous researchers (Shiferaw et al. 2014; Kassie et al. 2014 ).
Empirical estimation
The general econometric model for estimating the effect of adoption on household welfare outcomes is given as:
W ij represents the welfare outcomes of interest; the index i denotes a household while j represents a specific welfare indicator. X i is a vector of exogenous variables expected to influence household welfare. T i is our variable of interest which indicates the decision to adopt climbing bean in terms of quantity of seeds planted. α j , γ j and ψ j are vectors of coefficients to be estimated and the ω ij is the vector of random error terms. As argued earlier, it is possible that unobserved random variables affecting the welfare measures also influence the decision to 9 The reference household is one located in Rubona village. 10 The international poverty line of $1.25 a day per capita at Purchasing Power Parity (PPP) was used in this study. Per capita consumption expenditure, originally measured in Rwanda Francs (RWF), was converted into PPP using 248 RWF = $1PPP (2011).
11 Adult-equivalent is computed as AE = (A+αK), where A is the number of adults in the household, K is the number of children under the age of 15, and α is set to 0.7 based on the assumption of lower quantity of bean consumed by children. It would have been ideal to apply adult-equivalent conversion factors according to the age and gender of each child but this information was not collected. Therefore, we used an average adult equivalent conversion factor for all children under 15 years old, which is an average of the values reported in Claro et al. (2010) .
adopt climbing bean. This means that the standard OLS assumption of residuals zero mean conditional on adoption, i.e.E(ω ij |T i ) = 0 might not hold, which would result in biased and inconsistent estimates.
Identification strategy
To address this problem, a control function approach (CFA) was used, which allows control and testing for the potential endogeneity of a continuous explanatory variable (for more information on CFA see, Smith and Blundell 1986; Imbens and Wooldridge 2009; Lewbel 2004) . The CFA assumes that adoption of climbing bean, our endogenous variable, can be expressed as a function of all exogenous variables entering the household welfare equation, denoted by X i (in Eq. 2), plus at least one IV. A valid IV does not have a direct effect on household welfare but does influence the adoption decision T i (in Eq. 2). The generalized residuals from the first stage estimation of climbing bean adoption are predicted and then included as an additional regressor in the welfare models. This twostage procedure provides consistent estimates of the effect of climbing bean adoption on household welfare. We used two IVs: village-level adoption rate for climbing bean in the season preceding the data collection (i.e. season A of 2011) and population density. The village adoption rate was computed using the household survey data. While most of the questions in the survey referred to farming activities performed during season 2011B, few recall questions were asked about farming activities that occurred during the cropping season 2011A, including bean varieties grown in that season. Using this information, we computed the percentage of smallholders in the village who planted climbing bean in season 2011A, 12 which is the season prior to the one the welfare outcomes were measured. This variable, referred to as the village-level adoption rate, is a valid IV because it is exogenous but correlated with the farmer decision to adopt climbing bean in season 2011B. The village adoption rate can be seen as a proxy for the ease of accessing information about the technology 13 and accessing the technology itself, especially when formal seed systems are absent or poorly functioning as it is the case of Rwanda (Sperling et al. 2013) . Previous studies that used village-level or higher administrative area adoption rate as IV for household adoption include those by Mason and Smale (2013) and Mathenge et al. (2014) .
The second IV, population density, is a GIS computed variable based on household geographical locations. This variable indicates the number of inhabitants per 0.8 km 2 . We expected high population density to favor adoption of laborintensive and high-yielding technologies such as climbing bean as a remedy for land shortage. Moreover, high population density is expected to be positively correlated with adoption because it facilitates diffusion of information and technology. However, population density was not expected to be correlated with the error terms in the welfare equations after controlling for other covariates.
The exogeneity of the IVs in the welfare equations was tested using a falsification test following Di Falco et al. (2011) and Smale and Mason (2014) . The test was performed by including the village-level adoption rate and population density as additional regressors in the welfare regressions for the subsample of households that did not adopt climbing bean. The lack of statistical significance of the IVs, when tested individually and jointly, provides evidence of their exogeneity in the welfare regressions.
Functional form and choice of estimator
In the first-stage, a reduced form model for adoption of climbing bean, the endogenous variable, was estimated using a Tobit model with censoring from below at zero. This is because the quantity of climbing bean seed planted is continuous for households that adopted and observed to be zero for household that did not. The Tobit model is specified as follows:
the observed level of climbing bean adoption is defined as:
X i is the same vector of exogenous variables as in Eq. 2; Z i is the vector including the two IVs: village-level adoption rate for climbing bean in the prior season and population density; and v i is the error term v i~N (0, σ 2 ). We derived the generalized residuals from the first-stage Tobit model using the following formula (Cameron and Trivedi, 2005) :
Where d i is a binary indicator for adoption that is equal to one if climbing bean is adopted and zero otherwise; σ 2 is the variance of the error term, ϕ i and Φ i are the probability density function and cumulative distribution function respectively. In the second-stage, separate regressions were estimated for each of the welfare measures. Models are specified as in Eq. (2) but in addition include the generalized residuals, v i , from the firststage equation to control and test for the endogeneity of adoption of climbing bean. Statistical significance of the coefficient for the generalized residuals in the welfare equation provides evidence of the endogeneity of adoption of climbing bean (for empirical studies using a CFA to address endogeneity of a continuous variable see Ricker-Gilbert et al. 2011; Smale and Mason 2014; Mather et al. 2013) .
The nature of the welfare measures dictates the choice of models. A linear regression model was used for evaluating the effect of one additional kg of climbing bean seeds planted on per capita consumption expenditure. This estimator is preferred because the dependent variable is continuous in nature. Per capita consumption expenditure was transformed into natural logarithms to smooth the skewness of the distribution. Estimated coefficients from this model are semi-elasticities. A Probit model was used to estimate the effect of climbing bean adoption on poverty. The dependent variable takes the value of zero for households whose daily per capita expenditure is above the poverty line and one for households with per capita expenditure per day at or below the poverty line.
Similarly, a linear regression was used to model the quantity of bean consumed per adult equivalent. The dependent variable was expressed in logarithmic form, which allows us to interpret the coefficients as semi-elasticities, facilitating comparison between the two consumption models. Last, since the household subjective measure of food security takes only two values, a Probit model was estimated. The dependent variable is equal to one for households who considered themselves food secure and zero, otherwise.
Explanatory variables
The conceptual framework provides the basis for the selection of variables relevant in the analysis of the adoption of climbing bean and its effect on household welfare under incomplete markets. In broad terms, these variables define household characteristics, market and contextual factors (See Table 1 for description of variables). Household characteristics include those of the household head, household composition, wealth, and production environment. Household head characteristics such as age, gender, and education are known to influence adoption through learning. However, these characteristics could be linked to the adoption of climbing bean through other mechanisms. In particular, farmers with higher educational achievement may have a higher opportunity cost of time, which might discourage adoption of labor-using technology (Uematsu and Mishra 2010) . Education enters the analysis as a categorical variable distinguishing between no formal education, primary education, and secondary education or higher. The education of the household head is expected to be positively correlated with household welfare and technology adoption (Knight et al. 2003) .
Previous empirical studies did not find gender to be significant in the choice of improved over local varieties in Rwanda (Sperling and Muyaneza 1995) . However, climbing bean is more complex and labor demanding than bush bean. For these reasons, we hypothesize that female headship is negatively associated with the quantity of climbing bean seed planted, and associated with more disadvantaged status in terms of welfare outcomes. The age of the household head is expected to bear a significant effect on adoption of climbing bean, and to directly affect welfare but the direction cannot be determined a priori.
To account for household composition, variables for household size and dependency ratio were included. These variables are expected to influence climbing bean adoption and household welfare through their effects on labor availability or constraints given imperfections in the labor market. Women are usually the ones with the responsibility for caring of young children and ill members. Thus, a high dependency ratio might reduce women's available time for implementing labor demanding technologies such as climbing bean.
14 High dependency ratio, holding other variables constant, might also signal labor constraints, negatively affecting adoption of climbing bean and other income generating opportunities, which in turn reduces household welfare.
Household wealth, captured by the following variables: landholding, livestock ownership, an asset index, crop inventory and distance to water are expected to be positively correlated with our measures of household welfare and food security. Landholding is an important farm productive asset and controls for effects of scale in the adoption equation (Barham et al. 2014; Minten et al. 2013; Knowler and Bradshaw 2007) . The size of landholding in Rwanda is extremely small and fragmented due to demographic pressure. Landholding is included in the analysis as an ordinal variable with three categories: less than 1 ha, between 1 and 2 ha; and more than 2 ha.
15 Livestock owned by bean growers include cattle, pig, sheep, goat and poultry. The different livestock are combined into a single measure using the Tropical Livestock Unit (TLU). 16 The asset index includes ownership of durable goods, housing characteristics and access to sanitation, and was computed using polychoric PCA (Kolenikov and Angeles 2009; Larochelle et al. 2014) . The asset index is a proxy for longer-term wellbeing than expenditure and income measures. Assets such as television, bicycle, radio and cellphone are accumulated over time and can be sold to 14 The data used in the study show that women contribute 70% of labor used in bean cultivation. 15 Categorization of landholding probably reduces the influence of measurement errors in land area. smooth consumption expenditures in difficult times. Crop inventory is represented by a binary variable that is equal to one if the household has some crops in stocks when it was surveyed. This variable is likely to pick up the effect of on-farm production capacity in relation to household consumption needs. Distance to water, 17 in meters, captures ease of access to water (other than rainfall) for crop irrigation, which has implications for farm productivity and economic wellbeing. Households nearby such resources are expected to be in a better position to take advantage of new agricultural technologies that increase farm productivity, leading to better economic wellbeing.
Agro-environmental factors frame the vulnerability context and production choices that influence the economic wellbeing of rural households. Reliance on agro-climatic conditions means that technologies can be disproportionately suitable for some farmers while unavailable for others (Jack 2013) , thereby influencing household ability to improve their welfare through specific technology. Previous studies showed that climbing bean requires relatively more fertile soils, and performs better at high altitude and under consistent rainfall conditions than bush bean (Graf et al. 1991; Sperling and Muyaneza 1995; Musoni et al. 2001; Koundouri et al. 2006) . To control for household production environment, Rwanda's ten bean growing agro-ecological zones were included in the adoption and welfare models. The agroecological zones represent the different agricultural systems 17 Distance to water was computed in ArcGIS based on household geographical coordinates. in Rwanda, which vary in terms of agricultural potential, and have been shown to be important determinants of household welfare in Rwanda (NISR and WFP 2012; RAB 2012) .
Variables included in the analysis to control for market factors are: distance to the nearest urban center, village daily agricultural wage, 18 and distance to the market where most households in the village sell their crops. These variables influence household transaction costs, access to information, and resource opportunity costs, such as labor. Being located close to urban centers may reduce transportation and search costs while increasing access to market information -thereby potentially increasing returns from farming and economic wellbeing. Proximity to city is also associated with greater off-farm employment opportunities, which, in turn, could increase household wellbeing. Higher wages should have a positive effect on household welfare but might discourage adoption of labor intensive technology such as climbing bean. Ease of selling agricultural products should increase household opportunity to generate farm income. This is expected to have a positive effect on all welfare measures with the exception of the quantity of bean consumed, for which the direction of effect is unknown.
Results
Descriptive analysis
The high importance of climbing bean cultivation in Rwanda is evident from the descriptive analysis. About 49.5% of bean producers adopted climbing bean; 41.2% were full adopters, i.e. planted climbing bean only while 8.4% were partial adopters, i.e. planted both bush and climbing bean varieties. Those who grew only bush bean, i.e. about half of beanproducing households, were non-adopters. On average, households planted about 16 kg of bean seed in season B 2011, an equivalent of 0.23 ha based on a seeding rate of 70 kg/ha 19 (Table 3) . Although the scale of bean production in Rwanda is generally small, it is even smaller for adopters who planted about three kgs less seed compared to nonadopters; a difference that is statistically significant at the 1 % level. Yield on plots planted with climbing bean (1323 kg/ ha) was statistically higher than yield on plots planted with bush bean (1095 kg/ha). Therefore, the high yielding advantage of climbing bean over bush bean compensates for the smaller land area planted to bean by adopters.
Summary statistics for welfare indicators i.e. per capita consumption expenditure, poverty, bean consumption per adult equivalent, and food security are reported in Table 2 . Adopters and non-adopters of climbing bean do not differ in terms of annual per capita consumption expenditure, which is estimated at $595.90 for bush bean growers compared to $563.90 for climbing bean adopters. According to the international poverty line of $1.25 per day per capita, which corresponds to $456.26 per year, the prevalence of poverty in Rwanda is about 45% among bean-producing households. However, the prevalence of poverty among adopters of climbing bean is 49%, which is statistically higher than among non-adopters. The higher prevalence of poverty among climbing bean adopters suggests that these households could have been worse-off prior to adoption, perhaps because they were more exposed to constraints such as land scarcity and soil degradation that restrict agricultural productivity.
A Kolmogorov-Smirnov test shows significant differences in the distribution of land between adopters and non-adopters, with the former cultivating smaller land area. For example, 65% of adopters cultivate less than one hectare compared with 52% for non-adopters (Table 2) . Besides, most climbing bean adopters are located in the more mountainous parts of the country, where the average farm slope is 6.7% compared to 5.1% for non-adopters (Table 3) . Cultivation of steep terrain coupled with extreme population density accelerates soil erosion, re-enforcing poverty and malnutrition. It is therefore plausible that the benefits of climbing bean technology have flown to households that were a priori disadvantaged regarding food and nutrition security in the face of declining land sizes and quality.
The average bean consumption per adult equivalent during cropping season B was 14.7 kg with no statistical difference between adopters of climbing bean and non-adopters (Table 2 ). This means that despite smaller scale of production, higher yields of climbing bean enable the adopters to improve their food security. About 51% of adopters considered their households as being food secure during the cropping season compared with 38% for non-adopters; this difference is statistically significant at the 1% level.
Econometric results
Regression results for climbing bean adoption and welfare indicators are reported in Tables 4, 5 and 6. We begin by discussing briefly the results of the adoption model estimated in the first-stage. Results, reported in Table 4 , include the average marginal effects, standard errors clustered at the village-level, and corresponding p-values.
Determinants of climbing bean adoption
A test for the adoption model goodness of fit, performed using the F-statistic, has a p-value of zero, indicating that the variables are jointly significant in explaining the variation in the 18 Defined as daily agricultural labor wage specific to a village averaged for women and men. 19 Bean seeding rate varies between 50 and 80 kg/ha depending on the variety (N2 Africa 2014; Ugen et al. 2014 ). quantity of climbing bean seed planted (Table 4 ). An F-test for the joint significance of the two IVs: village-level adoption rate, expressed as the percentage of households cultivating climbing bean, and population density indicates that the IVs are strong predictors of adoption. 20 Moreover, the exogeneity of the IVs was supported by their lack of individual and joint statistical significance in each welfare model based on a falsification test (see Annex Table 7 for results of the falsification tests). These tests support the relevance and validity of the IVs correction for the endogeneity of climbing bean adoption in the welfare models. Both IVs are also individually significant at the 0.1% level in the adoption model. A 1% point increase in the village-level adoption rate in season A 2011 increases the quantity of climbing bean seed planted in season B 2011 by 0.20 kg, on average, per household (Table 4) . As expected, population density is positively correlated with adoption; an extra 100 inhabitants per 0.8km 2 is associated with additional 1.4 kg of climbing bean seed planted.
Also, important in explaining the variation in the extent of climbing bean adoption are household agro-ecological conditions, as reflected by the statistical significance of most agro-ecological zone dummy variables (Table 4) . Compared with the Cyangugu backside agro-ecological zone, the quantity of climbing bean seed planted is lower in the following agro-ecological zones: Bugarama plain, Kivu lakeside, Central plateau, Volcanic/highplain, Eastern ridges/plateau, and Eastern Savanna and Central Bugesera. On the other hand, the quantity of climbing bean seed planted is similar to that of Cyangugu backside, 20 The F-test has a value of 22.28 and the p-value that the two IVs are jointly not significant in explaining that the adoption of climbing bean is zero. in Mayaga-bugesera, and Buberuka highlands agroecological zones. The agricultural potential across agroecological zones is highly variable due to differences in soil types and level of land degradation; the extensive diffusion of climbing bean appears to be higher in agroecological zones graded medium to poor in terms of agriculture value (Verdoodt and Van Ranst 2003) . Market factors are important determinants in the decision to adopt climbing bean in Rwanda (Table 4 ). Distance to the nearest urban center, agricultural wage, and distance to market all have positive and significant effects on adoption of climbing bean. Compared to households living nearby an urban center (i.e. <12 km), the quantity of climbing bean seed planted is 3.1 kg higher for those located between 12 and 30 km from a large town, and 4.7 kg higher for households living the farthest away from an urban center (>30 km). Urbanity increases access to alternative livelihood strategies which might decrease incentives to invest in climbing bean.
Some household characteristics were also found to have significant influences on adoption of climbing bean: gender of the household head, the asset index, and landholding (Table 4 ). The quantity of climbing bean seed planted is on average 2.0 kg greater among male-headed households compared to female-headed households. Unlike Sperling and Muyaneza (1995) , who used a binary indicator of adoption, and found female headship to be insignificant in adoption of climbing bean, our results suggest possible barriers that constrain expansion of climbing bean among femaleheaded households. Climbing bean is associated with e n e rg y r e q u i r i n g a c t i v i t i e s s u c h a s g a t h e r i n g , transporting and installing stakes, which might reduce the scale of climbing bean production among households that have limited access to male labor. Household asset endowment, such as ownership of durable goods and housing quality, is positively correlated with the quantity of climbing bean seed planted while landholding has a negative effect on adoption. Households with landholdings greater than 2 ha planted on average 2.1 kg less climbing bean seed than that planted by households owning less than 1 ha of land. This result suggests that the technology might be more attractive to land constrained households.
Effect of climbing bean adoption on welfare outcomes
To test and control for the potential endogeneity of adoption of climbing bean, the generalized residuals from the first-stage adoption model were included in the welfare equations. The coefficients for the generalized residuals are significant at the 5% level or lower in all four models. The null hypothesis of exogeneity of climbing bean adoption is thus rejected. Adoption is considered endogenous and generalized residuals are included in second-stage welfare models to correct for this. Generalized residuals are negatively correlated with per capita consumption, bean consumption per adult equivalent, and food security but positively correlated with poverty, which implies that unobserved factors that lead to lower economic wellbeing tend to increase the level of climbing bean adoption.
Per capita consumption expenditure and poverty Adoption of climbing bean has a positive and significant effect on per capita consumption (Table 5) . A one-kg increase in the quantity of climbing bean seed planted raised per capita consumption by 0.9%. Although the magnitude of this effect is small, we consider this contribution important, given the low market price for bean (about $0.50/kg at the farm gate) and the relatively small share of bean in total household consumption expenditure. Adoption of climbing bean is also found to significantly decrease the probability that a household per capita consumption is at or below the poverty line (Table 6 ). This suggests that climbing bean is a pro-poor technology since its adoption occurred among poor households and contributed to lifting some of them out of poverty. Results suggest that the probability of being poor is reduced by 0.6% for one additional kilogram of climbing bean seed planted. Other key factors that play a statistically significant role in explaining per capita consumption and poverty, later on referred to as household economic status, are discussed jointly. Variables that have a positive effect on per capita consumption are negatively correlated with poverty and vice versa (Tables 5  and 6 ). As expected, household size is negatively associated with household economic status because resources have to be shared among more members. Higher educational achievement of the household head enhances household economic status, even after controlling for factors such as asset ownership and landholding. However, only one of the two education categories is statistically significant (at the 10% level), i.e. secondary education in the per capita consumption model and primary education in the poverty model, but the magnitude of these effects is large, suggesting a strong linkage between education and household economic status. The positive (negative) effect of the asset index and crop inventory on per capita household consumption (poverty) provides evidence of their role in food consumption provision and consumption smoothing during economic hardships. Distance to water source, which is expected to be correlated with farm productivity, is also significantly associated with household economic status. As expected, households located far away from a water source are worse-off. The effect of agroecological zones dummy variables, which control for regional differences in agricultural potential, on household economic status is consistent with previous findings (NSIR and WFP 2012) . Per capita consumption is statistically lower among households located in the Congo-Nile Divide, 21 Kivu lake side, and East savanna & Buberuka compared to that of households living in the Cyangugu backside agro-ecological zone.
Market factors also influence per capita consumption expenditure and poverty. Per capita household consumption increases by 0.4% while the probability of being poor decreases by 0.2% when the daily agricultural wage increased by 1 % (Tables 5 and 6 ). Similar associations were observed for distance to market services but were only significant in the poverty model.
Bean consumption per adult equivalent Adoption of climbing bean significantly increased consumption of bean, which is probably associated with nutritional benefits in a setting such as Rwanda where macro and micronutrient deficiency are prevailing issues (Lung'aho et al. 2015; NSIR and WFP 2012) . A one-kilogram increase in climbing bean seed planted raised bean consumption by 2.8% (Table 5 ). At the household-level, this translates into a 1.5 kg increase in bean consumption during the cropping season, assuming an average household size of 3.5 adult equivalent.
Household size and distance to water significantly decreased the quantity of bean consumed per adult equivalent. One additional household member decreased bean consumption by 8.9% (Table 5) . For a percent increase in distance from the household residence to the nearest water source, bean 21 The soils in this agro-ecological zone were developed from poor parent materials such as sandstone, quartzite, quartzophyllite and granite; are totally leached and severely degraded. On the other hand, soils in East savanna is strongly weathered, ranked as very poor in terms of agriculture value while Kivu lake side, which boarders with Congo-Nile, experiences variation in climatic conditions and has highly eroded soils (Verdoodt and Van Ranst 2003) . consumption decreased by 0.2%. As expected, the asset index and crop inventory, proxies for household long-term wellbeing, had a positive effect on bean consumption. None of the household head characteristics were statistically significant in the bean consumption model. Results revealed significant effects of market conditions on bean consumption per adult equivalent. Distance to the nearest market place, where most households in the village sell their produce, had a negative and significant influence on bean consumption (Table 5 ). This perhaps reflects reliance on market purchases for meeting extra household bean demand given that many Rwandan bean producers are net bean buyers (Asare-Marfo et al. 2011) . Households closer to markets should face lower transaction costs for purchasing bean, increasing the quantity of bean consumed. Bean (Verdoodt and Van Ranst 2003) while volcanic high plains experience extreme land scarcity. The high bean consumption in these agroecological zones may perhaps be linked to their strategic locations at country borders with Uganda, Tanzania and Burundi which are important bean producers in the East African region and net exporters of beans to Rwanda.
Food security The adoption of climbing bean also bears a positive and significant influence on household food (Table 6 ). The likelihood that a household reported being food secure increases by 0.6% for a onekilogram increase in the quantity of climbing bean seed planted. Adoption of climbing bean might enable households to stay food secure not only because of the yield advantage of climbing bean but also because climbing bean is harvested over a longer period than bush bean (Katungi et al. 2016 ).
Most of the variables included to capture household wealth are statistically significant in explaining perceived food security of smallholder bean growers in Rwanda (Table 6 ). Asset index, livestock ownership, crop inventory, and landholding are all positively associated with the subjective measure of food security. These results are not surprising since assets and livestock ownership and having crops in stock allow households to buffer shocks and smooth consumption. Households with landholding greater than 2 ha are 10% more likely to be food secure than those with landholding of less than 1 ha. Larger landholding should result in greater and more diverse agricultural production, contributing to food security directly through food consumption and indirectly through sales of farm products. None of the variables for household head characteristics and household composition were statistically significant in explaining food security.
The only market variable significant in the food security model is the daily agricultural wage. For a one percent increase in the daily agricultural wage, the probability of being food secure increases by 0.3% (Table 6 ). The agro-ecological conditions are also important determinants of household food security as indicated by the significance of several agro-ecological zone dummy variables and for reasons already alluded to in previous discussion.
Conclusions and implications
Despite more than two decades of investment in research and promotion of climbing bean and numerous success stories about climbing bean adoption, its effect on the welfare of smallholding bean growers in Rwanda had not yet been fully evaluated. This paper fills this gap by assessing the effect of climbing bean adoption on four indicators of household welfare: per capita consumption expenditure, poverty, bean consumption, and food security. We used a nationally representative bean-producing households survey conducted in 2011. An IV method was used in a CFA to test and control for the endogeneity of climbing bean adoption in the welfare outcome equations. This approach allowed us to first estimate and draw insights on factors that influence the extent of climbing bean adoption. In the second-stage, we used various measures of household welfare to test the robustness of our findings.
There has been a remarkable diffusion of climbing bean in Rwanda over the last two decades, both in terms of percentage of bean growers and area planted to climbing bean. About 50% of bean-producing households have adopted climbing bean, and for most adopting households, climbing bean is the only bean type grown; only 9 % of bean growers are partial adopters. Results of the first-stage econometric analysis revealed that the extent of adoption, measured in kilograms of seeds planted -a proxy for area allocated to climbing bean-was lower for households with large landholdings, i.e. greater than 2 ha. This is consistent with the positive and significant effect of population density on the extent of adoption, and evidence that climbing bean adoption plays a role in addressing land constraints. Earlier studies (Katungi et al. 2016; Larochelle et al. 2015) have shown that climbing bean has a yield advantage over bush bean, which drives its adoption. However, this study revealed other factors that account for the slow or lack of adoption by some households.
Female-headed households adopted climbing bean on a smaller scale than male-headed households, suggesting that the former might face additional constraints worth investigating in future research. We concluded that while adoption of climbing bean is scale neutral, its technological attributes may limit some households, such as those headed by women, from expanding land area to climbing bean. Related to this, the extent of climbing bean adoption declined with proximity to urban centers, where opportunities for diversifying into off-farm employment are greater. This suggests that an increase in the opportunity cost of labor could reduce adoption of climbing bean. The results also show that after controlling for other factors, households located close to urban centers achieve the same level of food security and economic status as those in remote areas, which reflects the fact that the income enhancing effects of urbanization in Rwanda is still trivial.
A salient finding from this study is that investment in climbing bean research and dissemination efforts has contributed significantly to enhancing the wellbeing of smallholder bean growers in Rwanda. This finding emerged from a rigorous econometric analysis that tested and controlled for the endogeneity of climbing bean adoption. The coefficients on the generalized residuals, obtained from the first-stage adoption model, were significant in all welfare models providing evidence that it is crucial to address endogeneity of adoption to obtain unbiased estimates. Our results indicated that planting an additional ten-kilograms of climbing bean seed increases per capita household consumption expenditure by 9% and reduces the probability of being poor by 6%. Adoption of climbing bean also plays a significant role in improving household food security, which we captured using two indicators: bean consumption per adult equivalent and a subjective measure of household food security. A ten-kilogram increase in climbing bean seed planted raised bean consumption by 28% during an agricultural season, while increasing the probability that a household is food secure by 6%. The large effect of adoption on bean consumption is a key finding and shows that bean-producing households reap the benefits of the yield gains associated with growing climbing bean as reported from an earlier study by Larochelle et al. (2015) . The authors estimated a bean production function, while assuming that the decision to grow climbing bean was exogenous and found that climbing bean is associated with a yield gain of about 30% over bush beans. However, the authors did not investigate beyond yield level effects, which has been the focus of our study in addition to controlling for the endogeneity of climbing bean adoption. The magnitude of the effect of climbing bean adoption on food security measured in this study are in line with the expected impacts associated with a 30% increase in yield, estimated by Larochelle et al. (2015) . The focus of this study on climbing bean provides evidence that a shift from bush bean to climbing bean in Rwanda has had a positive influence on household wellbeing. Higher yields help reduce food insecurity through direct consumption of bean, which re-enforces the need for further investments in pulses such as bean. Pulses because of their high nutritional value can play a key role in enhancing the nutrition security of the poor who produce and consume them. Our findings are robust across outcome indicators, which supports the view that climbing bean is a suitable technology to enhance smallholder wellbeing in an environment characterized by land constraints and soil degradation.
Findings from this study are of relevance for the design of policies that aim at promoting climbing bean in Rwanda, and other countries with similar contexts. First, it is evident that though the intensity of climbing bean adoption remains higher in high altitude areas, diffusion into new areas particularly in medium altitude zones has grown. However, diffusion in some agroecological zones, particularly at low altitude and those with more frequent droughts, remains low. This means that research aiming to adapt climbing bean varieties to such agro-ecological environments should continue to be supported. To alleviate labor constraints, such as those associated with increase in off-farm employment opportunities or low availability of on-farm family labor, further research is also needed to identify and develop labor saving technologies. These new technologies should be promoted as part of the climbing bean technological package. Intensification with climbing bean, due to its high yielding properties, also offers the opportunity to increase bean consumption sufficiently to enhance food security in land constrained areas. Therefore, policies aiming at enhancing the nutrition of the poorer bean growers should consider the promotion of climbing bean.
While the results of this study provide convincing evidence of the positive effect of climbing bean adoption on household wellbeing, knowledge gaps remain. Future research might seek to explore impact pathways through which adoption enhances household wellbeing; for example, by assessing the changes in crop production patterns that might accompany the adoption of a land saving technology such as climbing bean. In addition, future research might consider evaluating the heterogeneity effect of climbing bean adoption by subcategories of households, such as those with different land and labor endowments since the relative prices of these inputs could affect the profitability of climbing bean technology, and thus second-order effects such as food security. Since our analysis is based on only one crop season, we could not consider the dynamic behavior in adoption and its resulting effects on welfare. Therefore, future researchers could seek to employ panel-data to measure the impact of climbing bean considering possible movements in and out of adoption. Last, random control experiment could be considered to strengthen the evaluation of the impact of climbing bean adoption in new locations of neighboring countries. Robin Buruchara is a plant pathologist and at the time of this research, he was the Africa Regional Direct or for the International Center for Tropical Agriculture (CIAT) where he has been working in different capacities since 1993. As a director, he provided leadership of CIAT research and related development interventions in Africa organized under four areas of focus: Common bean improvement under the umbrella of the Pan African Bean Research Alliance (PABRA), Soils, Tropical Forages and programs (climate change, linking farmers to market, gender and M&E) under the Decision and Policy Analysis (DAPA). At present, he is the director of PABRA, where he facilitates and manages regional research & development and partnerships. As a researcher, his areas of focus have been varietal improvement against bean diseases, integrated disease management of soilborne pathogens and adapting climbing bean technology to the diverse agroecological conditions of Sub-Saharan Africa. He also coordinated the Sub Saharan Africa Challenge Program (SSACP) in the Lake Kivu region which was designed to address issues that have constrained the translation of research outputs into developmental impacts at significant scale through the use of novel partnerships and integrated agricultural research for development (IAR4D) approaches. He has recently contributed in studies to assess impact achieved under PABRA efforts, particularly due to the adoption of climbing beans and root rot resistant varieties.
